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ABSTRACT— In the present study, we examined the role of nitric oxide (NO) in early-response cytokine 
production by using a rat model of hepatic ischemia-reperfusion (HUB). The left and median lobes of the liver 
were subjected to 30 min of ischemia, followed by 4 h of reperfusion. Group I and II rats were sham-operated 
controls that received saline (vehicle) or N w -nitro-L-arginine methylester (L-NAME) (10 mg/kg, iv); group ill 
and IV rats were subjected to Hl/R and received vehicle or L-NAME (10 mg/kg, iv, 10 min before reperfu- 
sion), respectively. Administration of L-NAME to rats subjected to l/R resulted in a fourfold decrease in 
plasma NO levels, accompanied by a marked increase of plasma alanine aminotransferase (ALT) activity 
relative to group III. These changes in group IV were associated with elevation of superoxide generation in 
ischemic liver lobes by 2.1 -fold and circulating leukocyte number by 1.42-foid, compared with group III. 
Normalized for expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) messenger ribonucleic 
acid (mRNA), expression of tumor necrosis factor-a (TNF-a) and interleuktn-10 (IL-10) mRNA in ischemic 
liver of group IV was augmented by 207% and 175% compared with Group III. The expression of (iNOS) 
mRNA was also increased (223%) relative to group 111. Moreover, in group IV, plasma TNF-a levels at 4 h 
of reperfusion and IL-1 £ levels at 90 min and 4 h of reperfusion were significantly increased compared with 
group III. No statistically significant changes were observed between groups I and II in plasma ALT activity, 
plasma NO levels, circulating leukocyte counts, superoxide generation in the ischemic lobes of liver, and 
piasma TNF-a and IL-1 J3 concentrations. The observed enhancement of l/R injury by L-NAME is consistent 
with the hypothesis that endogenous NO down-regulates TNF-a and IL1£ generation, thereby decreasing 
Hl/R injury. 
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INTRODUCTION 

Nitric oxide (NO) participates in the hypotension associated 
with sepsis in experimental animals (1-3) and humans (4-6). 
However, inhibition of NO synthesis may result in detrimental 
effects (6-9). Administration of inhibitors of NO synthase 
(NOS) resulted in improved hemodynamics but did not dimin- 
ish mortality in a rat model of endotoxin shock (10) and in 
patients with endotoxin shock (6). Inhibition of NO synthesis 
in patients with septic shock was also associated with pulmo- 
nary hypertension and decreased cardiac output (11). On the 
other hand, for more than a century nitroglycerin (and other 
NO donors) has been used to treat patients with ischemic car- 
diovascular diseases. 

Effects of "early-response" cytokines (i.e., tumor necrosis 
factor-a [TNF-a j and interleukin-l|3 [IL-lj3]) and their recep- 
tor antagonists (such as IL-lra and sTNF-R) on inflammation 
have been intensively investigated (12, 13). It is clear that 
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complement activation is a very early event occurring after 
restoration of blood flow in models of ischemia-reperfusion 
(I/R) injury. In particular, C5a binding to a receptor on mac- 
rophage membranes acts as a stimulus for the synthesis of new 
TNF-a and other proinflammatory cytokines by macrophages 
(14, 15). Subsequently, the release of cytokines is further am- 
plified. When the levels of TNF-a and IL-10 reach the general 
circulation in sufficient concentrations, they can stimulate sys- 
temic inflammation in an endocrine fashion. This amplification 
process can also extend to vascular endothelial cells in which 
expression of P-selectin, and ICAM-t is upregulated (8). 

The relationship between NO and inflammatory cytokines is 
complex and still remains to be fully elucidated. In experimen- 
tal animals and humans, TNF-a is involved in inflammatory 
injury induced by I/R. Recendy, it was reported that a brief 
episode of focal cerebral ischemic injury can stimulate TNF-a 
messenger ribonucleic acid (mRNA) expression in adult rats 
(16). Work with cultured hepatocytes indicates that TNF-a or 
IL-1/3 are effective stimulators of inducible nitric oxide syn- 
thase (iNOS) mRNA expression; levels of these cytokines cor- 
related with NO release into the culture medium (17). How- 
ever, the effects of NO on proinflammatory cytokine 
production are still poorly defined. In the present study, we 
tested the hypothesis that endogenous NO down-regulated 
early-response cytokine generation, thereby reducing reperfu- 
sion injury. 
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MATERIALS AND METHODS 

Fischer 344 rats (male, 275-300 g body weight) were purchased from 
Taconic Farm (German town, NY). The animals had free access to food (Purina 
Rodent chow J001) and water. The experimental protocols followed the criteria 
of the Public Health Service "Guide for the care and use of laboratory animals" 
and were approved by the Institutional Animal Care and Use Committee. 

Materials 

Alanine aminotransferase (ALT) activity was measured with a Sigma di- 
agnostic kit. Nitrate reductase (from Aspergillus species), cKU'anisidine, ^-nic- 
otinamide adenine dinucleotide phosphate, reduced form (0-NADPH), N w - 
nitro-L-arginine methyl ester (hydrochloride) (L-NAME), and sodium nitrite 
were purchased from Sigma (St. Louis, MO). The RNA Stat-60 reagent, Su- 
perscript II, Taq DNA polymerase, and GelMarker were purchased from 
GIBCO BRL (Gaithersburg, MD) and Tel-Test, Inc. (Friends wood, TX), re- 
spectively. Enzyme-linked immunosorbent assay (ELISA) kits for IL-1/3 and 
TNF-a were purchased from BioSource (Camarillo, CA). 

Experimental protocol 

The experimental protocol for parti al no- flow hepatic ischemia has been 
well established and previously described (2, 7). Briefly, under pentobarbital 
anesthesia (60 mg/kg i.p.), the trachea was cannulated (PE-240) to maintain a 
patent airway. A polyethylene catheter (PE 50) was advanced into the right 
common carotid artery and connected to a pressure transducer (Gould Statham 
P231D) for recording blood pressure on a Grass Model 7D Polygraph (Quincy, 
MA). After performing the laparotomy, the relevant branches of the hepatic 
artery and portal vein, supplying the left lateral and median lobes of the liver, 
were occluded with an atraumatic Glover bulldog clamp for 30 min. The 
remaining caudal 3 lobes retained an intact arterial blood supply and portal 
venous outflow, preventing the development of intestinal venous hypertension. 
Reperfusion was initiated by removal of the clamp; subsequently, the animal 
received 1 mL of sterile saline i.p., and the adorn inal incision was closed with 
4-0 silk and wound staples. Group IV rats received L-NAME (10 mg/kg i.v. 
through the penile vein) 10 min before the start of reperfusion (I/R + L- 
NAME), whereas group III rats were given the equivalent volume of 0.9% 
saline (I/R + saline). Animals in the sham control group (group I) were sub- 
jected to the identical surgical operation without occlusion of the vessel supply 
to the left and median lobes of liver. The animals in group II were subjected 
to sham operation without I/R and injected L-NAME at a dose of 10 mg/kg iv 
(sham + L-NAME). Blood samples were obtained at 90 min and 4 h of 
reperfusion (or injection of L-NAME for group IT) for determination of ALT 
activities, nitrite/nitrate concentration (as an index of NO production), plasma 
TNF-a and IL-1/3 concentrations, and circulating leukocyte counts. Biopsies of 
the ischemic lobes of the liver were taken at 4 h of reperfusion for extraction 
of total RNA and measurement of superoxide generation. 

ALT activity 

Plasma ALT activities, an index of liver injury, were measured with a 
Sigma test kit, DG 159-UV. and expressed as 1U/L. 

Counting of circulating leukocytes 

Citrate-anticoagulated blood samples were obtained after 4 h of reperfusion. 
Fifty microliters of each sample was diluted 20-fold with 1% acetic acid 
solution to lyse red cells. Leukocytes were counted by light microscopy using 
a hemocytometer. 

Plasma nitrite/nitrate assay 

Plasma nitrite/nitrate was measured by the nitric oxide analyzer (NOA, 
model 270B, Sievers Instruments, Denver, CO) (2, 7). The NOA measures NO 
in biological fluids by a modified gas-stripping technique with high sensitivity 
(<10 picomol/mL of solution). After centrifugation of blood samples (1000 g 
for 5 min), 100 uJ of each plasma sample was incubated in the presence of 
nitrate reductase (0.05 U/mL) and nicotinamide adenine dinucleotide phos- 
phate (NADPH) (0.1 mM) at 37°C for 15 min to convert all the nitrate to 
nitrite. Subsequently, 20 fLL of sample was injected into the purge vessel of the 
NOA, which contained 2 mL of 1% sodium iodide in acetic acid to convert the 
nitrite to NO gas. A stream of nitrogen was passed through the purge vessel 
under vacuum to eliminate any oxygen in the vessel. The amount of nitrite was 



calculated from a standard curve of sodium nitrite (0-400 picomoles) prepared 
for each run of assay tubes. Linear regression analysis of the data obtained with 
the standard concentrations routinely yielded a significant correlation. 

Superoxide assay 

Superoxide anion production in the liver samples from ischemic and non- 
ischemic lobes was measured by using the method of Cherry et al. (18). 
Briefly, tissue samples (70-180 mg) were incubated in Krebs-bicarbonate 
buffer (pH 7.4) consisting of (mM): NaCl (118), KC1 (4.7), CaCl 2 (1.5), 
NaHC0 3 (25), MgSO, (1.1), KH 2 F0 4 (1.2), and glucose (5.6). The tissues 
were gassed with 95% 0 2 , and 5% CO z for 30 min and placed in plastic 
scintillation vials containing 0.25 mM lucigenin in 1 mL of Krebs-bicarbonate 
buffer containing HEPES (pH 7.4). The chemiluminescence elicited by super- 
oxide in the presence of lucigenin was measured by using a Mark 5303 scin- 
tillation counter (TmAnalytic, Elk Grove Village, IL). After 3 min of dark 
adaptation, vials containing only the cocktail (blanks) were counted 3 times for 
6 s each time. The tissue samples were subsequently added to vials, allowed 3 
min of dark adaptation, and counted twice (6 s each time). 

Reverse transcription polymerase chain reaction 
(RT-PCR) amplification of mRNA 

Liver samples were snap frozen in liquid nitrogen and stored at -70*C until 
analysis. Total cellular RNA was isolated by homogenizing tissues with a 
Polytron homogenizer in RNA Stat-60 reagent (Tel-Test, TX). Total RNA was 
extracted by chloroform and then centrifuged at 12,000 g for 15 min at 4°C. 
The RNA was precipitated by isopropanol and the pellet dissolved in diethyl 
pyrocarbonate water (Sigma, St. Louis, MO). Total RNA concentration was 
determined by spectrophotometry analysis at 260 nm, and 4 u.g of total RNA 
was reverse transcribed into complementary deoxyribonucleic acid (cDNA) in 
30 uX of reaction mixture containing Superscript II (GIBCO BRL, Gaithers- 
burg, MD). deoxy nucleotide triphosphate (dNTP) and oligo (dT) 12-18 prim- 
ers, The cDNA was amplified by using specific primers with a Perkin-Elmer 
DNA Thermal Cycler 480. The amplification mixture contained 1 fxL of 15 
u,M forward primer, 1 /xL of 15 /xM reverse primer, S ^L of 10 x buffer, 1.5 
u,L of 50 mM Mg 2 *, 5 u,L of the reverse transcribed cDNA samples, and I uJ- 
of Taq polymerase. Primers were designed from the published cDNA se- 
quences by using the Oligo Primer Detection Program. The cDNA was am- 
plified after determining the optimal number of amplification cycles within the 
exponential amplification phase for each primer set. Samples were denatured 
at 94°C for 5 min followed by 20 cycles for GAPDH or 25 cycles for iNOS and 
IL-1£ Each cycle consisted of 94°C for 45 s, 60°C for 60 s, and 72°C for 90 
s. Then samples were incubated at 72°C for 6 min. Samples of TNF-a cDNA 
were amplified by using 31 cycles of 94°C for 45 s, 60°C for 45 s, and 72°C 
for 45 s. After amplification, samples (5 fiL) were separated on a 2% agarose 
gel containing 0.5 jxg/mL (0.003%) of ethidium bromide, and bands were 
visualized and photographed by ultraviolet transillumination. The size of each 
PCR product was determined by comparison with a standard DNA size marker. 
Semiquantitative assessment of gene expression was performed using the Im- 
age Master VDS program (Pharmacia Biotech). The designed primer se- 
quences are shown below: 



Sense primer 
GAPDH 5'GGT G AA GGT CGG TOT 

CAA CGG ATT 3' 
TNF-a 5'ACC ACA GAA AGA TGC 

TGAGGTTGG3' 
IL-10 5'CTT CCTTGTGCA AGT 

GTCTGA AGC 3' 
iNOS 5 'AGA AGC AGA ATG TGA 

CCA TCA TOG ACC ACC3' 



Antiscnsc primer 
5 'GAT GCC AAA GTT GTC ATG 

GAT GACC3' 
5 'ATG ATC CTG GAA GGG GAC 

AAA GGC3' 
5'AAG AAG GTG CTT GGG TCC 

TCA TCC3' 
5'AGC ACA GAA GCA AAG AAC 

ACC GCT TTC ACC 3' 



Enzyme-linked Immunosorbent assay (ELISA) for plasma 
TNF-a and I L- 1(1 

Immunoreactive TNF-a and IL-1/3 were measured with ELISA kits pur- 
chased from BioSource (Camarillo, CA). Plasma was separated by centrifu- 
gation at 1000 g for 5 min at 4°C and stored at -70°C until the ELISA. The 
ELISA procedure for measurement of the cytokines was conducted according 
to the instructions of the manufacturer. Duplicate samples and standards were 
included in each assay. Based on the kit instructions provided by the manu- 
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facturer, the minimum detectable concentrations of raTNF-a and raIL-10 are 
0.7 and 3 pg/mL, respectively. 

Statist/cat analysts 

Data are expressed as the mean ± SEM. Statistical significance for multi- 
group comparisons was determined using one-way analysis of variance 
(ANOVA; Sigma Stat Program) for multiple group comparisons with repeated 
measurement. If a significant F value was obtained, the group means were 
analyzed by using the Bonferroni multiple comparison test where P < 0.05 was 
considered statistically significant 

RESULTS 

Plasma ALT activity 

When the left and median lobes of the liver were made 
ischemic for 30 min, significant hepatic injury occurred during 
the first 4 h of reperfusion reflected by the pronounced eleva- 
tion of plasma ALT activity, which averaged more than 30-fold 
higher than the sham control group (2080 ± 99 U/L vs. 67 ± 13 
U/L). Administration of L-NAME (10 mg/kg iv, 10 min before 
reperfusion) exacerbated the reperfusion injury as judged by 
the further rise of plasma ALT activity (4982 ± 534 U/L) at 4 
h of reperfusion (P < 0.05 relative to I/R + saline group) (Fig. 
1). There was no statistically significant difference (P < 0.05) 
between sham control and sham control + L-NAME rats 4 h 
after injection of saline or L-NAME. 

Superoxide generation 

The results of assays to evaluate hepatic superoxide genera- 
tion are shown in Fig. 2. At 4 h of reperfusion, superoxide 
generation in the ischemic lobes of rats treated with L-NAME 
was significantly greater (3307 ± 397 cpm/mg tissue) than that 
in samples from group III rats (1862 ±111 cpm/mg tissue; 
group IV vs. group III, P < 0.05) and far exceeded the levels in 
liver samples from sham controls (903 ± 81 cpm/mg tissue) 
and sham control + L-NAME (781 ± 64 cpm/mg tissue; group 
ID vs. groups I and O, P < 0.05). 
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Sham Sham + L-NAME I/R + Saline I/R + L-NAME 
(N = 6) (N~5) (N = 6) (N = 6) 

Fig. 1 . Effects of 30 min of hepatic Ischemia followed by 4 h of 
reperfusion on plasma alanine aminotransferase (ALT) activities In 
rets administered L-NAME (10 mg/kg Iv 10 min before reperfusion) 
(group IV) or saline (group 111). Data represent means ± SE of 5-6 
animals. *P < 0.05 compared with sham control (group I); #P < 0.05 
compared with sham-operated group (group II); $P < 0.05 compared 
with 1/R + saline animals (group 111). 
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Slum Sham + L-NAME I/R + Saline I/R + L-NAME 
(N = 6) (N = 5) (N = 6) (N = 6) 

Fig. 2. Effects of 30 min of hepatic Ischemia followed by 4 h of 
reperfusion on superoxide generation In the Ischemic lobes of liver 
of rats administered L-NAME (10 mg/kg Iv 10 min before reperfu- 
sion) (group IV) or saline (group III). Data represents means ± SE of 
5-6 animals. *P< 0.05 compared with sham control (group I); #P< 0.05 
compared with sham-operated group (group II); $P < 0.05 compared 
with I/R + saline animals (group III). 

Circulating leukocytes 

An elevation of circulating leukocytes, suggesting a sys- 
temic inflammatory response, was observed after hepatic 
reperfusion injury. Group III rats exhibited a 1.81 -fold increase 
in circulating leukocytes (5608 ± 542 cells/mm 3 ) compared 
with group I animals (3098 ± 265 cells/mm 3 ), and a 1.52-fold 
increase compared with group II (3685 +313 cells/mm 3 ) at 4 
h of reperfusion. The manifestation of this inflammatory re- 
sponse was potentiated in group IV rats (7950 ±610 cells/ 
mm 3 , P < 0.05 vs. group III). There was no statistically sig- 
nificant difference (P < 0.05) between groups I and II (Fig. 3). 

Plasma nitrite/nitrate - - 

There was no statistically significant difference in plasma 
nitrite/nitrate levels between sham control group (9.9 ± 1.2 
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Sham 
(N = 6) 

Fig. 3. Effects of 30 min of hepatic Ischemia followed by 4 h of 
reperfusion on circulating leukocytes In rats administered L-NAME 
(1 0 mg/kg Iv 10 min before reperfusion) (group IV) or saline (group 
HI). The results are presented as means ± SE of 5-6 animals. *P < 0.05 
compared with sham control (group I); #P< 0.05 compared with sham- 
operated group (group II); $P < 0.05 compared with I/R + saline animals 
(group 111). 
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^jnol/L), sham control + L-NAME (8.17 ± 1.7 /xmol/L), and 
I/R + L-NAME rats (7.5 ± K0 ^mol/L). Plasma nitrite and 
nitrate levels of I/R rats at 4 h of reperfusion were 39.4 ± 4.0 
jjunol/L (P < 0.05 vs. groups I, II, and IV) (Fig. 4). 

Plasma TNF-ct concentrations 

The effects of I/R on plasma TNF-a concentrations were 
determined at 90 min (Fig. 5) and at 4 h (Fig. 6) of reperfusion, 
respectively. Immunoreactive TNF-a in group I and II animals 
averaged 2.4 ± 0.7 and 4.4 ± 5. 1 pg/mL 90 min after injection 
of saline or L-NAME, respectively. Compared with these mean 
values, levels in group III rats (102.9 ±19 pg/mL), there were 
42-fold (vs. group I) and 23-fold (vs. group II). Although 
plasma TNF-a levels of group IV rats (I/R + L-NAME) tended 
to be higher (135 ± 16 pg/mL) than the levels in group III rats 
at 90 min of reperfusion, this change failed to reach statistical 
significance (Fig. 5). 

At 4 h of reperfusion, mean plasma TNF-a concentration of 
group III rats (10.5 ± 0.8 pg/mL) was 10-fold lower than that 
observed at 90 min of reperfusion (102.9 ± 19 pg/mL) but still 
markedly elevated compared with group I animals (1.6 ± 0.5). 
At 4 h of reperfusion, plasma TNF-a concentration of group IV 
rats (22 ±4.12 pg/mL) was significantly elevated compared 
with group III. Plasma TNF-a levels in group II were unde- 
tectable 4 h after administration injection of L-NAME to sham- 
operated rats (Fig. 6). 

Plasma IL-10 concentrations 

At 90 min of reperfusion, plasma IL-1/3 was not detectable 
in sham control animals compared with 116 ± 16 pg/mL in 
group III and 441 ±113 pg/mL in group IV. A 4-fold increase 
was observed in group IV vs. group OT (Fig. 5). A similar 
elevation (5.8-fold) was observed in group IV (415 ± 90 pg/ 
mL) vs. group HI (71 ±8 pg/mL) at 4 h of reperfusion (P < 
0.05) (Fig. 6). Plasma IL-1/3 levels in groups I and II were 




Stum Sham +■ L-NAME I/R + Saline I/R +L-NAME 
(N = 6) (N = 5) (N = 6) (N = 6) 

Fig. 4. Effects of 30 min of hepatic Ischemia followed by 4 h of 
reperfusion on plasma nitrite/nitrate concentration In rats admin- 
istered L-NAME (10 mg/kg Iv 10 min before reperfusion) (group IV) 
or saline (group III). Data represent means ± SE of 5-6 animals. *P < 
0.06 compared with sham control (group I); #P < 0.05 compared with 
sham-operated group (group II); $P < 0.05 compared with l/R + L-NAME 
animals (group IV). 
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Sham + Saline Sham + L-NAME I/R + Saline I/R + L-NAME 

Fig. 5. Effects of 30 min of hepatic Ischemia followed by reper- 
fusion on plasma TNF-a and IL-1H concentrations measured with 
ELISA kits (BloSource) at 90 min In rats of the experimental 
groups. The results are presented as means ± SE of 5-6 animals. *P< 
0.05 compared with the sham-operated group (group I); #P< 0.05 com- 
pared with sham-operated animals plus 1-NAME (group II); $P < 0.05 
compared with I/R + saline animals (group III). Plasma IL-1/3 levels in 
group I and II rats were undetectable. Solid bars, TNF-a; open bars, 
IL-10. 

undetectable 90 and 240 min after injection of saline or L- 
NAME, respectively. 

iNOS, TNF-a, and /^.-7^ mRNA expression 

Total mRNA was extracted from the livers of sham controls 
and from ischemic lobes of livers of groups III and IV at 4 h 
of reperfusion. Expression of iNOS, TNF-a, and IL-1/3 mRNA 
was studied by RT-PCR amplification after separating products 
by gel electrophoresis (Fig. 7a). A semiquantitative analysis of 
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Sham + Saline Sham + L-NAME I/R+ Saline I/R + L-NAME 

Rg. 6. Effects of 30 min of hepatic Ischemia followed by reper- 
fusion on plasma TNF-a and IL-10 concentrations measured with 
ELISA Kits (BloSource) at 4 h of reperfusion In rats of the experi- 
mental groups. The results are presented as means ± SE of 5-6 ani- 
mals. *P < 0.05 compared to group I; $P < 0.05 compared with I/R + 
saline animals (group III). Plasma TNF-a levels in group II and IL-1/3 
levels in group 1 and group II rats were undetectable. Solid bars, TNF-a; 
open bars, IL-1 p. 
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Lane 1, 5, 9: GAPDH; 2, 6, 10: iNOS; 3, 7, 1 1: TNF-cx; 4, 8, 12: IL-ip. 




Sham I/R + Saline I/R + L-NAME 

(N-5) (N-5) (N-5) 



Rq. 7. (A) Ethldfum bromide-stained agarose gel showing PCR 
products from amplified rat hepatic RNA. HI/R was conducted as 
described in Materials Methods, and the ischemic liver lobes were ob- 
tained at 4 h of reperfuslon. RNA was extracted from hepatic tissue and 
reverse transcribed and amplified using primers selected from published 
cDNA sequences. Lanes 1-4, sham control (group I); lanes 5-fl. I/R + 
saline (group III); lanes 9-12, I/R + L-NAME (group IV). Lanes 1, 5, 9, 
GAPDH; lanes 2, 6, 10, iNOS; lanes 3, 7, 11, IL-10; lanes 4, 8, 12, 
TNF-a. A semiquantitative analysis of the results of RT-PCR was per- 
formed with the Image Master VDS program (Pharmacia Biotech). With 
this computer program," the electrophoretic bands were normalized for 
GAPDH gene expression. The normalized ratios for TNF-a, IL-1 0, and 
INOS mRNA expression in the experiments were averaged, and the 
results are shown in Fig. 7B. Data represent means ± SE of 5 animals. 
*P < 0.05 compared with sham control; #P < 0.05 compared with I/R + 
saline animals. Open bars, ratio of TNF-a; solid bars, ratio of IL-10; 
hatched bars, ratio of INOS to GADPH. 

RT-PCR was performed with the Image Master VDS program 
(Pharmacia Biotech) and normalized by assessment of the ex- 
pression of GAPDH. Applying these procedures to liver ex- 
tracts from sham controls, we were unable to detect TNF-a and 
iNOS mRNA expression and found a minimal degree of IL- 1 0 
mRNA expression. However, evidence of expression of iNOS, 
TNF-a, and IL-10 genes was obtained when the RT-PCR ap- 
proach was applied to liver extracts from group III and IV rats. 
An episode of I/R caused significant increases in iNOS (com- 
parative densitometry ratio of 0.26, relative to GAPDH), 
TNF-a (0.44, relative to GAPDH) and IL-1 0 (0.32, relative to 
GADPH) gene expression in the ischemic lobes. Administra- 
tion of L-NAME to rats subjected to HI/R resulted in an en- 
hancement of gene expression for iNOS (0.58, relative to 
GAPDH), TNF-a (0.91, relative to GAPDH) and IL-10 (0.56, 
relative to GAPDH) (Fig. 7b). 
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DISCUSSION 

An extensive literature indicates that NO is a key regulator 
of vascular tone and exerts a wide array of immunoinflamma- 
tory effects. In the vasculature, physiological concentrations of 
endogenous NO contribute to the regulation of vascular tone 
and leukocyte-endothelial interactions (8, 19), with influences 
on platelet aggregation and neutrophil infiltration (19, 20). Ex- 
cessive production of NO is likely to be detrimental because 
high concentrations of NO are cytotoxic. Mechanisms by 
which NO could produce cell injury include inhibition of iron- 
containing enzyme activities, production of the reactive oxi- 
dant peroxynitrite, disruption of protein function by nitrosyla- 
tion of amino acids, and alteration of DNA synthesis. Our 
previous results indicated that administration of L-NAME to 
rats subjected to HI/R attenuated NO and peroxynitrite pro- 
duction. However, the decrease in NO generation exacerbated 
leukocyte infiltration into the ischemic lobe of liver (2, 7) by 
enhancing adhesion molecular expression (8). In the present 
study we tested the hypothesis that endogenous NO down- 
regulated early-response cytokine generation, thereby reducing 
reperfusion injury. 

The data presented in this study indicated that inhibition of 
NO synthesis by L-NAME exacerbated ischemia-reperfusion 
injury as evidenced by a 2.4-fold increase in plasma ALT 
activity (Fig. 1) and 1.8-fold increase of superoxide generation 
(Fig. 2). The mechanism(s) responsible for the exacerbation of 
ischemia-reperfusion injury by L-NAME may be, in part, aug- 
mentation of TNF-a and IL-10 generation at the levels of 
protein synthesis (Figs. 5 and 6) and mRNA expression 
(Fig. 7). 

A recent conceptual advance is the recognition that the se- 
verity of tissue injury is not determined solely by exogenous 
_factors f _e.g., a microbial agent liberating lipopolysaccharide 
(LPS), but rather is largely a consequence of the host's over- 
whelming immunoinflammatory response (21). It appears that 
the host's endogenous mediators provoke multiple acute patho- 
logical reactions formerly attributed to endotoxin, e.g., hypo- 
tension and inflammatory cell activation. The symptoms of 
infection are mainly caused by cytokines, notably TNF-a and 
IL-10, released from inflammatory cells. Furthermore, release 
of one cytokine often triggers secretion of, additional cyto- 
kine^) on the cytokine cascade, which can further amplify the 
inflammatory responses (21, 22). 

The literature indicates that TNF-a and IL-10 are powerful 
stimuli for endothelial cell activation, augmenting inducible 
NO synthase (iNOS) expression, and producing pathological 
levels of NO (17, 23, 24). As single agents, TNF-a or IL-10 
proved to be effective stimulators for iNOS irtRNA expression 
in the cultured hepatocyte, correlating well with elevated NO 
release (17). Qn the other hand, studies on NO involvement in 
regulation of TNF-a and IL-10 production are rare, and the 
results are conflicting. Treatment with the NOS inhibitor L- 
NMMA suppressed production of BL-1, IL-2, IL-6, and IFN-7, 
and increased the secretion of IL-10 in the mouse footpad 
model (25) and inhibited IL-8 and IL-6 production in vitro 
(26). In contrast, levels of IL-8 and IL-6 in bronchoalveolar 
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lavage fluid decreased when patients with ARDS were treated 
with NO by inhalation (22). 

In the HI/R model, we were unable to detect levels of 
mRNA expression of cytokine-induced neutrophil chemoat- 
tractant (CINC) and IL-10 in the ischemic lobes of liver at 4 h 
of reperfusion (data not shown). However, the generation of 
TNF-a and IL-1/3 was significantly altered (Figs. 5-7). Our 
results indicated that HI/R induced the generation of TNF-a 
and IL-10 based on mRNA expression and protein synthesis. 
The generation of TNF-a and IL-1/3 in response to HI/R was 
enhanced by the administration of L-NAME. However, no sta- 
tistically significant differences were found between group I 
and group II rats for any of the parameters monitored, indicat- 
ing that reperfusion injury was a prerequisite for effects of 
L-NAME on early cytokine release. 

Administration of L-NAME to rats with HI/R was associated 
with a significant increase in iNOS mRNA expression in the 
ischemic lobes of liver at 4 h of reperfusion (Fig. 7B), although 
mean plasma NO concentration was about 5-fold lower than 
the mean of rats subjected to HI/R (Fig. 4). These results are 
consistent with the reports that negative feedback regulation by 
NO plays an important role in iNOS gene expression (27, 28). 

Several mechanisms could account for the observed effects 
of NO synthase inhibition on early-response cytokine genera- 
tion. First, NO may decrease the density of ICAM-1 and P- 
selectin expression on endothelial cells (8, 19) and CD 11/ 
CD 18 expression on neutrophils (13, 20). Second, in vascular 
smooth muscle cells, NO can directly activate guanylate cy- 
clase and lead to cyclic guanosine monophosphate (cGMP) 
generation, which causes vasorelaxation (8, 11, 29). Futher- 
more, NO increases cardiac output and stroke volume (8, 29). 
Both the reduction of vascular resistance and the elevation of 
cardiac output could improve tissue perfusion and attenuate the 
inflammatory response. Third, it is tempting to speculate that 
NO may exert an inhibitory effect on TNF-a and IL-1/3 gen- 
eration in part at the transcriptional level. Electrophoretic mo- 
bility shift assays indicated that NO suppresses VCAM-1 gene 
transcription by inhibiting NF-kB (30). These reports sug- 
gested that NO suppresses TNF-a and IL-10 gene transcription 
by inhibiting the activation of the transcription factor NF-kB. 
Because the activation of NF-kB may also depend on the pres- 
ence of reactive oxygen species, NO may interfere with NF-kB 
activation by scavenging and inactivating superoxide anion. 

The present study also demonstrated an increase in the total 
number of circulating leukocytes in rats subjected to HI/R + 
L-NAME (Fig. 3), in agreement with a report by Geffner et al. 
(31). The mechanism for the enhancement of circulating leu- 
kocytes by the NOS inhibitor probably involves increased gen- 
eration of TNF-a and IL-1/3, both of which enhance the pro- 
duction and release of leukocytes from the bone marrow. 

Some evidence indicates a lack of correlation between 
plasma levels of TNF-a and IL-1/3 and the clinical outcome of 
patients (32). An explanation for the poor clinical correlation 
may be due to the protective action of certain cytokine antago- 
nists, such as IL-lra and sTNF-R (13, 33). These endogenous 
antagonists along with anti-inflammatory cytokines, such as 
IL-10, are produced systemically after the initial insult and 
may modulate plasma TNF-a and IL-1/3 levels. In addition, a 



gradient in the levels of cytokines has been found between the 
original inflamed organs and peripheral blood flow (34). 

Our studies raise the question of whether the increase of 
endogenous NO during various inflammatory states (with the 
exception of septic shock) is a compensatory response to the 
pathological stimuli or a deleterious reaction? Our results pre- 
sented here suggest that in the early acute phase of inflamma- 
tion induced by hepatic I/R, a compensatory increase in NO 
production repressed TNF-a and IL-1/3 gene expression in the 
ischemic lobes and attenuated plasma levels of TNF-a and 
IL-1/3. Therefore, the net effect of endogenous NO was to 
ameliorate hepatic injury in the early phase of ischemia- 
reperfusion. 
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